The influence of bacterial growth stage and the evolution of surface macromolecules on cell adhesion have been examined by using a mutant of Escherichia coli K-12. To better understand the adhesion kinetics of bacteria in the mid-exponential and stationary growth phases under flow conditions, deposition experiments were conducted in a well-controlled radial stagnation point flow (RSPF) system. Complementary cell characterization techniques were conducted in combination with the RSPF experiments to evaluate the hydrophobicity, electrophoretic mobility, size, and titratable surface charge of the cells in the two growth phases considered. It was observed that cells in stationary phase were notably more adhesive than those in midexponential phase. This behavior is attributed to the high degree of local charge heterogeneity on the outer membranes of stationary-phase cells, which results in decreased electrostatic repulsion between the cells and a quartz surface. The mid-exponential-phase cells, on the other hand, have a more uniform charge distribution on the outer membrane, resulting in greater electrostatic repulsion and, subsequently, less adhesion. Our results suggest that the macromolecules responsible for this phenomenon are outer membrane-bound proteins and lipopolysaccharide-associated functional groups.
Pathogenic microorganisms in groundwater are estimated to cause 750,000 to 5 million illnesses per year in the United States (38) . The fate and transport of these microbes are dependent on their propensity to adhere to mineral surfaces. By studying this phenomenon, we gain insight not only into the mechanisms influencing pathogen transport but also into processes such as the initiation of infection (36, 56) , biofilm formation (18, 45) , and the colonization of plant roots (3) .
Escherichia coli, a gram-negative bacterium, is considered an ideal indicator of fecal contamination (27) and was therefore the organism employed in our study. The outer membrane of a gram-negative bacterium-a lipid bilayer-primarily contains lipopolysaccharides (LPS) and proteins. The LPS molecule extends into the surrounding medium and is anchored to the outer membrane by a lipid moiety known as lipid A (39) . Adjacent to lipid A is the 2-keto-3-deoxyoctonic acid; this molecule links lipid A to the core polysaccharide region of the LPS (10, 39) , which consists of heptose, glucose, galactose, and N-acetylglucosamine molecules (29, 39) . The outermost part of the LPS assembly is a lengthy sugar chain called the O-polysaccharide or O-antigen, for which the exact size and composition are strain specific (34) . The types of proteins that exist on the outer membrane include murein lipoproteins, porins (i.e., OmpC, OmpF, OmpA, and PhoE), diffusion proteins, enzymes, and structural molecules (44) . Portions of these proteinaceous molecules are exposed to the external environment. In addition, many gram-negative cells exude extracellular polymeric substances (EPS), which typically consist of proteins, polysaccharides, and nucleic acids (47) . Previous studies have addressed the role of these macromolecules on cell adhesion. Specifically, the adhesive nature of bacteria has been attributed to such features as LPS (1, 19, 34, 67) , outer membrane proteins (41, 51) , fimbriae (50, 63) , flagella (13, 55) , and EPS (20, 65) .
One major limitation to the evaluation of previous adhesion studies is the wide variation in experimental protocols and approaches. Much of the previous work addressing adhesion has utilized batch systems, where adhesion to a submerged collector substrate occurs in either a static or gently shaken reactor (1, 37) . Other studies have quantified bacterial adhesion in flowing systems, including packed columns (1, 7, 58) , parallel plate flow chambers (6, 23) , and radial stagnation point flow systems (58, 67, 68) . The type of solution in which cells are suspended has also varied. Work has been conducted in such solutions as buffers (1, 7, 33, 37) , simple salts (58, 67) , and native environmental samples (12, 46) . Adhesion has also been related to the measured interaction forces by the use of atomic force microscopy (1, 7, 54, 66) . The range of media utilized for adhesion studies includes such collector media as natural sediment cores (12, 15, 21) , glass (33, 51, 53) , modified glass (23, 37) , quartz (1, 67) , and stainless steel (5, 46) .
The growth phase of cells has also been a source of variation in the literature. Some studies have described the adhesive nature of cells at mid-exponential phase (6, 33, 48, 67) and stationary growth phase (6, 11), whereas others have not at-tempted to characterize the exact time of growth phase, preferring to define the time of growth as "overnight" (46, 50) or "late exponential" phase (1) . Bacteria are inherently dynamic organisms, and their protein coverage (30, 43) and LPS molecule conformation evolve as a function of growth phase (30, 31) . The extent to which these modifications alter the adhesive nature of the cell has rarely been addressed (6, 40) .
The objective of this paper is to evaluate the role of growth phase in cellular adhesion to solid surfaces in an aquatic environment. A radial stagnation point flow (RSPF) system with well-defined hydrodynamics was used to determine the kinetics of bacterial adhesion to a quartz surface over a wide range of ionic strengths. Through the utilization of cell characterization techniques in combination with RSPF adhesion studies, the evolving nature of bacterial cell surface molecules and their role in adhesion are assessed.
MATERIALS AND METHODS
Bacterial cell growth and preparation. Escherichia coli K-12 D21, the strain used for this study, was obtained from the E. coli Genetic Stock Center at Yale University. This particular K-12 mutant has been reported to produce little or no EPS (57) . For visualization of the cells in adhesion studies, a plasmid coding for an enhanced green fluorescent protein and gentamicin resistance (64) was introduced into native D21 cells by electroporation (60) . The resulting transformed D21 cell line is referred to as D21g. Cells were grown in Luria-Bertani broth (Fisher Scientific, Fair Lawn, N.J.) supplemented with 0.03 mg/liter gentamicin (Sigma, St. Louis, Mo.) at 37°C until they reached the desired growth stage (3 and 18 h, corresponding to the mid-exponential and stationary phases, respectively), at which time they were harvested for use.
Cells were pelleted by centrifugation (Sorvall RC26 Plus centrifuge) for 15 min at 3,823 ϫ g via an SS34 rotor (Kendro Laboratory Products, Newtown, Conn.). The growth medium was decanted and the pellet was resuspended in a KCl electrolyte solution (10 Ϫ2 M). The cells were pelleted and rinsed with fresh electrolyte solution in this manner two additional times to remove all traces of the growth medium.
Viability tests for the D21g cells were performed using a Live/Dead BacLight kit (L-7012; Molecular Probes, Eugene, Oreg.) under the solution conditions used for the adhesion experiments and cell characterization techniques. Specifically, viability was evaluated in salt solutions ranging from 10 Ϫ2 to 10 Ϫ0.5 M KCl and in solutions containing 2% molecular-biology-grade disodium EDTA (American Bioanalytical, Natick, Mass.). The viabilities of the 3-and 18-h cell cultures averaged 79% and 80%, respectively; cell suspensions exposed to EDTA averaged 76% viability.
Bacterial cell characterization. The electrophoretic mobility of the bacterial cells was determined by diluting the rinsed cell pellet in a KCl electrolyte solution to a final concentration of 10 5 to 10 6 cells/ml. Electrolyte solutions were prepared with deionized water (Barnstead Thermolyne Corporation, Dubuque, Iowa) and reagent-grade KCl (Fisher Scientific), with no pH adjustment (pH 5.6 to 5.8). Electrophoretic mobility measurements were conducted at 25°C using a Zeta-PALS analyzer (Brookhaven Instruments Corporation, Holtsville, N.Y.) and were repeated a minimum of three times at each ionic strength with freshly rinsed cells. Electrophoretic mobilities were converted to zeta potentials by use of the tabulated numerical calculations of Ottewill and Shaw, which account for retardation and relaxation effects (49) .
An inverted fluorescence microscope (Axiovert 200m; Zeiss, Thornwood, N.Y.) operating in phase-contrast mode was used to take images of D21g cells harvested after 3 and 18 h of growth following resuspension in an electrolyte solution (ca. 10 7 cells/ml in 10 Ϫ2 M KCl). The images were imported into an image processing program (ImageJ; National Institutes of Health) and analyzed using the built-in particle analysis routines. From the measured cell lengths and widths, the average equivalent spherical radii of the D21g cells were determined to be 0.87 and 0.93 m for mid-exponential-phase and stationary-phase cells, respectively.
EDTA extractions were conducted to collect cell-bound carbohydrate or protein molecules for analysis. The original cell pellet was resuspended in a 1:1 (vol/vol) mixture of 10 Ϫ2 M KCl and 2% EDTA. The EDTA-cell suspension was incubated at 4°C for 30 min, followed by centrifugation at 10,426 ϫ g for 50 min at 4°C (5804R; Eppendorf, Hamburg, Germany) (69). After centrifugation, the supernatant was collected for subsequent analysis. Total protein content was determined for both filtered (0.45-m Millex-HA membrane; Millipore Corp., Bedford, Mass.) and unfiltered samples of the supernatant solutions according to the method of Bradford (4) . Human serum albumin (HSA) was used as the reference standard. Total carbohydrate content analysis of the filtered and unfiltered supernatants utilized the phenol-sulfuric acid (PSA) method (16) , with xanthan gum as the standard.
The hydrophobicities of the mid-exponential-and late-stationary-phase (3 and 18 h, respectively) cells were measured using the microbial adhesion to hydrocarbons (MATH) test (52) with n-dodecane (laboratory grade; Fisher Scientific). Samples were prepared by transferring 4 ml of a cell solution (optical density at 546 nm of 0.2 to 0.25 in 10 Ϫ2 M KCl) to test tubes containing 1 ml of dodecane. The test tubes were vortexed (Touch Mixer model 231; Fisher Scientific) for 2 min, followed by a 15-min rest period to allow for phase separation. The optical density of the cells in the aqueous phase was measured at 546 nm (HewlettPackard model 8453) to determine the extent of bacterial cell partitioning between the dodecane and the electrolyte. Hydrophobicities are reported as the percentages of total cells partitioned into the hydrocarbon (52) .
Potentiometric titrations of mid-exponential-and stationary-phase cells were conducted to determine the relative acidities of the bacterial surfaces using a microtitrator (794 Basic Titrino; Metroohm, Switzerland). Prior to titration, the solution pH was lowered to 4 by the addition of HCl and the solution was purged with N 2 gas to remove any dissolved carbon dioxide present. Titrations were performed on suspensions of bacteria (between 10 8 and 10 10 cells/ml) in 10 Ϫ2 M KCl. The acidity was determined from the amount of NaOH consumed during titration between pHs 4 and 10 (61).
Bacterial adhesion experimental setup. Bacterial deposition experiments were conducted in a radial stagnation point flow (RSPF) system (67) . This system comprised a specially blown glass flow chamber installed on the stage of an inverted fluorescence microscope (Axiovert 200m; Zeiss, Thornwood, N.Y.). The bacterial suspension entered the radially symmetric flow cell through a capillary tube (2-mm inner diameter). Flow impinged upon a quartz microscope cover glass 2 mm below the capillary opening and traveled radially along the cover slide, exiting the RSPF chamber through a separate capillary tube. An LD Achroplan 40ϫ objective (1.8-mm working distance) located beneath the flow cell was focused on the inner surface of the quartz coverslip. Fluorescent cells were imaged using a fluorescent filter set with an excitation wavelength of 480 nm and an emission wavelength of 510 nm (Chroma Technology Corp., Brattleboro, Vt.).
Preparation of solid substrate for adhesion experiments. Round quartz coverslips with a 25-mm diameter and a 0.1-mm thickness (Electron Microscopy Sciences, Ft. Washington, Pa.) were cleaned by soaking them initially in a 2% Extran MA02 solution (EM Science, Gibbstown, N.J.), followed by a thorough rinsing with ethanol (Pharmco Products, Inc., Brookfield, Conn.) and deionized water. The coverslips were sonicated for 10 to 15 min while submerged in a 2% RBS 35 detergent solution (Pierce, Rockford, Ill.), followed by a second rinse with ethanol and deionized (DI) water. The coverslips were soaked overnight in NOCHROMIX solution (Godax Laboratories, Inc., Takoma Park, Md.). After removal from the NOCHROMIX solution and a rinse with DI water, the coverslips were mounted in the glass flow cell used in the radial stagnation point flow system. For adhesion experiments under favorable (nonrepulsive) electrostatic conditions, the slides were chemically modified with aminosilane. One side of each quartz coverslip was exposed to a 0.2% (vol/vol) mixture of (aminoethylaminomethyl)-phenethyltrimethoxysilane (Gelest, Inc., Tullytown, Pa.) in ethanol for 3 to 5 min at room temperature and then cured for 90 min at 130°C. The slide was then rinsed with DI water and installed in the radial stagnation point flow cell.
Determination of bacterial adhesion rate. The deposition of bacterial cells was recorded with a digital camera (AxioCam MR monochrome; Zeiss) acquiring images every 20 seconds over the course of a 20-min injection period and was analyzed with the supplied software (AxioVision 3.1; Zeiss). The number of deposited bacterial cells was determined for each image by comparing the changes between successive images. Bacterial cell deposition experiments were conducted with cells harvested after 3 and 18 h of growth and were done with a range of ionic strengths (10 Ϫ2 , 10 Ϫ1.5 , 10 Ϫ1 , and 10 Ϫ0.5 M KCl) at an unadjusted pH (5.6 to 5.8) and ambient temperature (22 to 25°C). Inlet concentrations for experiments were 10 7 to 10 8 cells/ml, as determined by directly visualizing cells in a counting chamber (Buerker-Tuerk chamber; Marienfield Laboratory Glassware, Lauda-Königshofen, Germany). A flow rate of 5 ml/min, corresponding to an average capillary flow velocity of 0.0265 m/s, was employed.
The bacterial adhesion kinetics in the RSPF system is quantified by calculating the bacterial transfer rate coefficient, k RSPF , as follows: 
RESULTS AND DISCUSSION
Adhesion of E. coli D21g in mid-exponential and stationary growth phases. Figure 1 indicates that stationary-phase cells are substantially more adhesive than mid-exponential-phase cells. The rate of bacterial deposition onto the quartz surface was higher for stationary-phase cells across the range of solution ionic strengths examined. Deposition rates for cells grown for 3 and 18 h (referred to as 3-and 18-h cells, respectively) were governed by the ionic strength, with higher ionic strengths resulting in greater deposition. As can be seen in Fig. 1 , the k RSPF for 18-h cells reached a plateau between 10 Ϫ1 and 10
M. This indicates entrance into the mass-transfer-limited regimen, for which a further increase in ionic strength will not affect the deposition rate. The deposition of 3-h cells at strengths below 10 Ϫ1.5 M was statistically insignificant, even when the bulk cell concentration was increased to 10 8 cells/ml. Bacterial adhesion mechanisms. The observed sensitivity of E. coli adhesion to ionic strength suggests that electrostatic forces dominate interactions between bacterial cells and quartz. As indicated by the measured electrophoretic mobilities and corresponding zeta potentials (Fig. 2) , the bacterial cells were negatively charged under all of the conditions of our adhesion experiments. Because the quartz surface also exhibits a net negative charge under the solution conditions analyzed (58), repulsive electrostatic interactions should dominate cell deposition. Repulsive electrostatic interactions are sensitive to the solution's ionic strength such that with an increase in the ionic strength of the background solution, the repulsive force is lessened. This is the case for E. coli-quartz interactions-an increase in ionic strength results in greater adhesion or a higher bacterial transfer rate (k RSPF ). It must be noted that although the measured electrophoretic mobility values for 3-and 8-h cells were virtually identical, the much lower observed k RSPF values for 3-h cells imply a greater repulsive force between quartz and the cells across the range of ionic strength conditions. This phenomenon will be addressed further in the discussion of bacterial characterization.
To gain further insight into the forces governing D21g cell deposition, the classic Derjaguin-Landau-Verwey-Overbeek theory for colloidal stability (14) has been applied to calculate the total interaction energy as a function of the separation distance between the bacterium and the quartz surface (58) . Essentially, the total interaction energy, namely, the sum of attractive van der Waals (24) and repulsive electrostatic (28) interactions, is determined by assuming that the bacteriumquartz slide approximates a sphere-plate interaction. The resulting interaction energy profile exhibits one of the following trends (58, 67) . First, when repulsive electrostatic forces are suppressed, no energy barrier to deposition exists, implying irreversible attachment of the bacterium to the quartz surface in a deep primary minimum. This scenario existed for our D21g-quartz under ionic strength conditions of 10 Ϫ1 M and higher (58, 67) . Second, for solution ionic strengths of Յ10 Ϫ1.5 M, there exists an insurmountable electrostatic energy barrier to deposition. It has been shown that in the presence of such a substantial repulsive energy barrier to bacterial deposition, it is unlikely that bacterial cells will deposit in the primary energy minimum at the quartz surface (58) . However, under the latter solution conditions, a shallow energy well-the "secondary minimum"-exists at greater separation distances from the quartz surface. This energy well is sufficiently deep to allow entrainment of the D21g bacterium near the quartz (26, 58) .
Bacteria entrained in a secondary energy minimum are at greater separation distances from the quartz collector than those in primary minima (26, 58) . In the case of the RSPF system, bacterial cells held in the secondary minimum experience a hydrodynamic force due to the radial component of flow parallel to the quartz surface (2) . Consequently, such cells are swept away from the stagnation point region and the microscope's field of view. On the other hand, cells bound in a primary minimum remain firmly attached to the quartz surface, within the field of view. Only cells that are irreversibly deposited in a primary energy minimum, and not those entrained in The electrophoretic mobilities (or zeta potentials) are virtually identical for the mid-exponential-and stationary-phase cells (Fig. 2) . Thus, the deposition trends in Fig. 1 cannot be explained by electrostatic interactions determined from average zeta potentials alone. As discussed in detail later, the disparity is attributed to exposed functional groups on the cell surface which contribute to local charge inhomogeneity. The presence of surface charge heterogeneity would decrease electrostatic repulsion and increase the rate of irreversible attachment in the primary minimum (17, 62) compared to DerjaguinLandau-Verwey-Overbeek theory predictions. At higher ionic strengths, when no barrier to deposition exists, deposition occurs regardless of charge heterogeneity on the bacterial surface.
The predominant functional groups exposed on the outer membrane of E. coli include amino and carboxyl groups on exposed proteins as well as phosphate and carboxyl groups on both LPS-and EPS-associated carbohydrates (22, 31, 42) . The pK a values of the various exposed groups indicate that, at the pH of our experiments (pH 5.6 to 5.8), the dominant ionic species exposed on the outer membranes of the bacteria arise from negatively charged phosphate groups associated with the LPS (42, 59) and from carboxyl groups associated with both proteins and polysaccharides (59) . Additionally, phosphate species may exist on the nucleic acids associated with any EPS (47) . Because the experiments with 3-and 18-h cells were conducted with the same solution chemistry, it was anticipated that both would have phosphate and carboxyl groups present. Therefore, the higher rate of adhesion observed for the 18-h cells was not attributed to the type of ionic species; rather, we propose that it was due to the greater amount of heterogeneity in the distribution of functional groups exposed on cellular structures. To establish the extent to which these functional groups contribute to inhomogeneity on the cell surface and, consequently, to deposition trends, we utilized traditional tools for cell characterization.
Bacterial surface characterization.
A possible contributing factor to the deposition behavior of E. coli is the difference in cell transfer rate related to the sizes of individual cells. In order to determine whether cell size changes notably with the growth stage, the equivalent spherical radii were calculated from the lengths and widths of cells (Table 1 ). The equivalent radii for the 3-and 18-h cells were quite similar, at 0.87 and 0.93 m, respectively. To ensure that this minor difference in cell size is not the factor determining the extent of the cell transfer rate, experiments were carried out under favorable (nonrepulsive) conditions with positively charged, aminosilane-modified quartz slides. The subsequent interaction between oppositely charged surfaces allowed for the determination of the k RSPF under mass-transport-limited conditions. This favorable deposition scenario produced virtually identical bacterial transfer rates (reported in Table 1 ), confirming that the difference between 3-and 18-h cell deposition is not size dependent.
Previously, cellular deposition and the strengthening of attachment have been attributed to the presence of EPS (20, 46) . EPS has also been credited with contributing to the overall heterogeneous nature of bacterial surfaces (20, 47, 65) . The amount of EPS was analyzed by using standard characterization techniques. Quantification of the carbohydrate fraction of EPS was achieved by the phenol-sulfuric acid (PSA) method, using xanthan gum as a standard (reported in standard units of xanthan gum equivalence [XGE] ). The quantities of EPS collected and measured at the exponential and stationary phases revealed values that were at or near the detection limit (1 g XGE/ml). The average normalized cell values were 0.6 g XGE/ml and 5 g XGE/ml for 3-and 18-h cells, respectively (Ϯ11 g XGE/ml error for the PSA method). The Bradford assay was employed to quantify the protein content of the EPS, using human serum albumin (HSA) as a standard. For unfiltered samples, normalized values were 0.1 g HSA/ml for 3-h cells and 1 g HSA/ml for 18-h cells (Ϯ1 g HSA/ml error for the Bradford assay). These values were also at or near the detection limit. These extremely low measurements were not surprising since the E. coli K-12 strain used in this study has been reported to produce little or no EPS (57) . Reports of other E. coli K-12 strains have been published, confirming their low production of EPS (12, 33) . Because the values for EPS were so insignificant and since it is doubtful that over the time course of our experimentation the bacteria would form EPS, we do not attribute the adhesion behavior of 3-and 18-h cells to this phenomenon. Further characterization of the 3-and 18-h cells was performed by measuring the hydrophobicity of E. coli D21g, a bulk property which captures the evolving presence of the chemical species on the surfaces of the cells. Hydrophobicity was determined to change with growth phase (Table 1) , as measured by the MATH test. It was determined that 16% of the 3-h cells partitioned into dodecane but that 34% of the 18-h cells partitioned into the hydrocarbon. The outer membrane proteins of E. coli are mostly hydrophilic (acidic) and decrease in number with culture age (30, 42) , yielding a corresponding increase in hydrophobicity. Our MATH test data confirmed this trend. Additional evidence of the change in bacterial hydrophobicity due to the presence of protein can be found in the literature (6, 8, 25, 32) .
One final characterization tool, potentiometric titration, was used to evaluate the distribution of charge across the cell surface. The results of the titrations are presented in Fig. 3 as acidity, or titrated charge (in milliequivalents per cell), as a function of pH. Experiments confirmed that mid-exponentialphase cells are substantially more acidic than stationary-phase cells. As indicated in Table 1 , the corresponding titrated surface charges are 796.84 C/cm 2 and 87.93 C/cm 2 for 3-and 18-h cells, respectively. The much higher value for 3-h cells indicates that the number of dissociable functional groups on the bacterial surface is greater than that for 18-h cells, implying a greater charge density on the outer membrane as well. We attribute these results to the presence of outer membrane proteins, which are more abundant on the surfaces of midexponential-phase cells (30) . Notably, the shapes of the titration curves for the 3-and 18-h cells are comparable, suggesting that the types of functional groups do not change with the growth phase. These phenomena are explained further below.
Relationship among adhesion behavior, growth phase, and surface heterogeneity of E. coli. Irrespective of the growth phase, the dominant ionic species exposed on the outer surfaces of E. coli cells have previously been shown to be a combination of protein and LPS-associated functional groups. Our characterization techniques support this assertion. Both the titration and MATH test results indicate that mid-exponentialphase cells have greater amounts of polar molecules at the cell surface. We propose that the extra ionic species on mid-exponential-phase cells compared to stationary-phase cells originate from the presence of a greater number of proteins. Consequently, to a collector quartz surface, 3-h cells will appear more uniformly charged than 18-h cells (9) , despite the uneven distribution of LPS (35) . In contrast, 18-h cells-with fewer exposed proteins-will have a more heterogeneous distribution of charge, with most charged groups originating from the core of the LPS molecules. This is further compounded by the E. coli cells exposing a greater number of phosphate groups on the LPS at later growth stages (30, 31) , even though the number of LPS molecules remains constant.
In conclusion, experiments were conducted to quantitatively evaluate the role of growth phase on cellular adhesion. The RSPF system allowed for the quantification of deposition kinetics and has given greater insight into the mechanisms involved in bacterial adhesion. The RSPF system, coupled with complementary cell characterization techniques, has led us to hypothesize that the evolution of the cell with the growth phase, as manifested by subtle alterations in cell surface charge heterogeneity, dramatically alters the adhesive nature of E. coli. 
